Joining of dissimilar materials is extremely important for flexible electronic packaging, which is generally achieved by assembly of pre-patterned electronic components into multi-layered architectures on soft organic substrates via transferprinting technique. To avoid thermo-mechanical damages during bonding, organic-and inorganic-organic solid-state direct bonding must be achieved. Here we report a novel bonding process enabling both homogeneous and heterogeneous material hybridization at low temperatures. Vacuum-ultraviolet-induced reorganization of ethanol was used to achieve multiple effects of surface modification on organic and inorganic surfaces before bonding, which has been named ethanol-assisted vacuum ultraviolet irradiation (E-VUV) process. In this study, investigation of X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) was conducted to thoroughly understand adhesion mechanism. The analytical results proved that the E-VUV process was applicable to polyetheretherketone-and tin-polyimide bonding, and the bonded interfaces are expected to be robust enough for flexible electronic packaging.
Introduction
In the era of Internet of Things (IoT), researchers either in academia or in industry are committed to developing new ways to control and communicate with electronic devices, that is, human-machine interactive (HMI) system. [1] To date, in terms of smartphone or touch panel we already can remote-control things; however, human's thought still cannot be well interpreted via these devices.
And, device control and signal transmission is not immediate. Device control via physiological signals like hand gesture, blink, or even consciousness is a potential alternative.
For this, HMI wearable electronics are necessary. They catch signals from human directly and instantly. In order to acquire high-resolution signals from human bodies, such wearable electronics should not just be wearable but need to be directly attached on human bodies. [2] [3] [4] [5] [6] [7] Figure 1 compares young's modulus of skin, tissues, organic and inorganic materials commonly used in microelectronics. [1] It is evident that metals have relatively high mechanical stiffness about 10 10~1 0 12 Pa, whereas that of skin is only 10 5 Pa. Due to great difference in mechanical stiffness between them (~10 6 Pa), integrating conventional silicon-based electronics on human skin directly is extremely difficult. In order to reduce mismatch in 
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Transactions of The Japan Institute of Electronics Packaging Vol. 12, 2019 mechanical stiffness between those skin-attachable devices and human skins, device substrates should be made of flexible/soft organic materials that have young's modulus close to those of skins and tissues. Adequate substrate materials include silicone rubber, polyimide, and silbione, etc. They play a buffering role when those skinattachable devices undergo mixing deformation modes like bending, twisting, or stretching during body motion.
They also provide functions of mechanical support and encapsulation that protect internal device components from chemical corrosion and mechanical stress from external environments. However, since soft organic substrates cannot withstand extreme processing conditions like chemical etching or high temperature, it is difficult to fabricate those inorganic semiconductor or metal materials directly on soft organic substrates via conventional fabrication technologies. For this, transfer printing has been considered a promising technique. [4, 8] Figure 2 [13] this method tends to cause severe material deterioration due to high temperatures during bonding. Thus, bonding should be conducted at low temperature; for instance, around the glass-transition temperature (T g ) of polymers. [14, 15] As for low-temperature bonding, surface activated bonding (SAB) using Ar fast atom beam bombardment or plasma was only applicable to metal or some covalent materials. [16] [17] [18] For organic materials, although vacuum ultraviolet irradiation can work, [19] it is not applicable to inorganic-organic bonding. [18] In fact, there is no existing low-temperature bonding scheme suitable for both homogeneous and heterogeneous bonding.
For this, we have proposed a novel direct bonding method named ethanol-assisted vacuum ultraviolet (E-VUV) irradiation process in a previous study, [7] where a VUV light was employed to dissolve an ethanol-containing nitrogen atmosphere to produce multiple surface modification effects on inorganic and organic materials. The results revealed that the E-VUV process enabled aluminum-polyimide bonding with robust heterogeneous interfaces. In this study, we would like to further evaluate the applicability of E-VUV process to polymer-polymer bonding. If the E-VUV process is applicable to both kinds of material joining, it is expected to be a potential bonding method for flexible electronic packaging.
Experimental Procedure

Materials & specimen preparation
In this study, we conducted homogeneous and heterogeneous bonding experiments using tin/polyimide and polyetheretherketone/polyimide couples. A polycrystalline tin (Sn) stick (Sn99.3Cu, Sasaki Solder Industry Inc.) were prepared into a plate with dimensions of 10 × 10 × 2 mm 3 .
A polyimide (PI) thin film (PMDA-ODA, DuPont Kapton) with a thickness of 25 µm was prepared to dimensions of 15 × 15 mm 2 . Prior to use, all the metal samples were ultrasonically cleaned for 3 min each in acetone, ethanol, and deionized water. All the polymer films were ultrasonically cleaned for 3 min each in ethanol and deionized water.
Surface treatment/analysis & bonding
The bonding equipment has been introduced in previous reports, [6, 7] so its details are omitted here. This new [7] The VUV chamber, where the specimens were subjected to the E-VUV treatment, was pumped until its background vacuum reached 10 -4 Pa, and then a nitrogen atmosphere containing ethanol (99.5 vol%, Wako Chemicals, Ltd.) was introduced into the VUV chamber using an ultrasonic atomizer until the gas pressure reached 9 × 10 4 Pa (ca. 0.9 atm). During surface modification, chamber temperature was kept at 24°C. We employed a VUV source (UER20H-172VA, Ushio Inc.) with an incident power of 5 mW/cm 2 . The VUV light source was set ca. 70 mm away from the specimen surface. After E-VUV treatment, we conducted an angle-resolved x-ray photoelectron spectroscopy (ARXPS) to verify growth behavior of E-VUV-induced surface layer. In XPS investigation, a Mg Kα (1,256 eV) source was employed at 27 mA and 15 kV and the operating power was 400 W. We selected three take-off angles (θ), 15°, 30°, and 45°, where θ = 90° agrees with the normal to the surface. After obtaining XPS spectra, we performed spectra analysis using PHI Multipak software.
Peak deconvolution was conducted by fitting Gaussian-Lorentzian mixed functions. After treated with optimized irradiation time and ethanol vapor density (data not shown here), which product was defined to be ethanol exposure, Γ (kg·s/m 3 ), the specimens were transferred into the bonding chamber. After mating samples were brought into contact with each other, a pressure of 1.5 MPa was given to the bonding couple for sufficient surface contact, followed by isothermal bonding at 150°C for 10 min.
Interfacial obser vation
TEM samples were prepared using a focus ion beam (FIB) system (JIB-4000, JEOL) with a Ga liquid-crystal ion source. A transmission electron microscopy (TEM) was conducted for observation of the interfacial microstructures. We conducted TEM investigation using a FEI Tecnai G2 F30 operated at 300 kV.
Results and Discussion
We believe that achieving either inorganic-organic or organic-organic bonding requires creating compatible reactive species onto both surfaces. Given that surface oxidation occurred on all the metals we selected, providing bridging function to those native oxides is relatively desirable instead of removing them. The ethanol-assisted vacuum ultraviolet (E-VUV) irradiation process was designed based on foundational thermodynamics consideration: [20] ∆G = ∆H -T∆S (1)
Interface Formation can spontaneously occur if change of Gibbs free energy is negative. Influence of entropy change is negligible due to interface formation of solids, [20] whereas negative change of enthalpy is favorable for direct bonding process. In the E-VUV method, multiple exothermic dehydration condensations between complementary species on the target surface was triggered. The samples needed heating merely to 150°C for accelerating interdiffusion, and then the bonding was achieved within a few minutes.
Here were two keys in the E-VUV process design. One (for derivation of the ethanol exposure has been demonstrated in our recent study [7] ).
We first clarified the effects of E-VUV on polycrystalline
Sn99.3Cu solder plates. Figure 3 demonstrate evolutions of XPS O1s spectra with different exposures of ethanol. We found that there was a SnO 2 layer existing on the Sn surface, although a few hydroxyls were also observed, which was in agreement with our assumption that there was a native surface oxide layer. With increasing exposure to E-VUV, the SnO 2 surfaces were gradually hydrated by forming hydroxyl groups on the Sn sites, as shown in Fig.   3 (b). As the exposure increased, the VUV-induced molecules with carboxylic groups were deprotonated through these hydroxyl groups on the SnO 2 surface to form coordinatively-bonded carboxylate species, as shown in Fig. 3 E19-012-4 [7] ).
We next evaluated the effects of E-VUV process on polyetheretherketone (PEEK) films. Figure 4 shows evolution of carbon-oxygen bonds on the PEEK surfaces. Curve-fitting spectra at different exposures in Fig. 4 were selectively demonstrated in 
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Transactions of The Japan Institute of Electronics Packaging Vol. 12, 2019 away from the initial interface, implying that Sn interdiffusion into the PI side occurred during hybrid bonding. On the basis of our recent study, [7] these nano-grains were believed to be inorganic-organic complexes, and had a high mechanical strength. On the other hand, Figure 7 (a)
shows the schematic of formation of PI/PEEK homogeneous interface during heating at 150°C. Similar to the bonding mechanism for inorganic-organic heterogeneous bonding, organic-organic homogeneous bonding also exploited hydroxyl groups to trigger dehydration condensation between PI and PEEK surfaces, which produced strong chemical bonds across the PI/PEEK interface. 
Conclusions
In this paper, a novel direct bonding process named ethanol-assisted vacuum ultraviolet (E-VUV) irradiation process was proposed to achieve both inorganic-and organicorganic bonding at the solid-state level. During the E-VUV process, hydroxyl-carrying bridging carboxylates were generated onto the Sn99.3Cu surface, while robust 
